Observations have been made o f fluctuations in the speed o f a tidal current w ith periods of about 2 sec. upwards. A t the same tim e pressure-gauge records were obtained, showing oscillations due to the w ave motion. B oth current and pressure measurements were made at various depths between the surface and the bottom . From the pressure records, the rate of attenuation of w ave pressures with depth has been shown to follow the theoretical equation, w ithin the lim its set by the experim ental conditions. The current variations have been classi fied into short-period and long-period fluctuations. The short-period fluctuations correspond approxim ately in period to the waves, and their amplitudes are of the same order of m agnitude as the calculated wave-particle velocities. The correspondence is not complete, however, and, while it appears probable that the current fluctuations are largely due to the particle velocities of the w aves, the possibility of other fluctuations o f similar or shorter periods being present is not excluded. The periods of the long-period fluctuations vary from 30 sec. to several minutes, and their amplitude, which increases w ith the mean current and w ith depth, som e tim es attains 0-4 of the mean current.
It was considered desirable to obtain observations of the current fluctuations necessarily associated with the turbulence of a tidal current. A suitable instrument for this purpose is the Doodson current meter, which was specially designed to respond to variations in the speed of current with periods of from 1 to 2 sec. upwards. When any meter is operated by suspending it from a boat, it is difficult to be sure that the fluctuations observed are not due to movement of the boat or to the meter swinging on its cable. An opportunity was therefore taken of using one of the anti-aircraft forts, erected at the approaches to the Mersey during the war, as a base for observations. This facilitated keeping the meter in a fixed position and, by operating from the side of the fort facing the current, any inter ference of the current by the supporting pillars could be avoided.
The first observations were made in July 1946. After experimental difficulties had been overcome, a series of records was obtained with the meter 6-1 m. above the bottom in from 14 to 18 m. of water, during the ebb tide of the evening of 4 July. These showed fluctuations of considerable amplitude and of approximately the same period as the surface waves. The periods and heights of the waves were observed visually. The wave-particle velocities at the depth of the meter were calculated from the observed wave heights, assuming the accepted formula for attenuation and using the wave-length corresponding to the observed period. The observed current fluctuations were found to be from 1-5 to 4-8 times the calculated velocities, the discrepancy being least when the depth of water was least.
It appeared at this stage that either (a) the observed fluctuations were due to wave motion but the wave motion was attenuated with depth less than theory
predicted, or ( b) the fluctuations were due, in a varying degree, to other osc superposed on the wave velocities.
A more extensive series of observations was made in November 1946, using the Doodson current meter as before and also a pressure gauge which could be suspended a t various depths to record the wave pressures. The wave-pressure records were used to investigate the attenuation of wave motion with depth, a subject on which no quantitative observations at sea appear to have been pub lished. I t was then hoped th at it would be possible to throw further light on whether the observed current fluctuations were to be identified with the wave currents or whether some other type of fluctuation was also present.
2 . E x p e r i m e n t a l 2 1 . Apparatus The current fluctuations were measured by the electrically recording current meter designed by Doodson (1940) , who has already published a description of the instrument. For these experiments a special frame was made, designed to keep the meter at a fixed height above the bottom and prevent any translatory movement while leaving it free to rotate. The frame was practically two-dimensional, being in the form of a vane, with stiff upper and lower arms extending in front of it, and offered very little resistance to the flow. From a sinker laid on the bottom, a wire led up to a swivel on the lower arm of the frame, while the suspending wire led up from a swivel on the upper arm. The wires were kept tau t to prevent swinging. The meter was suspended, with its own swivel, from the upper arm of the frame. The frame was kept parallel to the current by its vane and the meter had its own vane. An electric cable led from the meter to the photographic recorder on the fort.
A modified form of the open-sea tide gauge designed by Fave (1921) was used for recording the wave pressures. The pressure-sensitive elements are two Bourdon tubes exposed to the pressure of the sea water. Needles attached to the moving ends of the two tubes make traces on a smoked glass disk. In the original instru ment the disk was driven by clockwork, making one revolution in 48 hr. For recording waves, the clock was replaced by a small electric motor, supplied from two l£ V dry cells, geared to the disk to give it one revolution in approximately 10 min. The rise in temperature of the air enclosed in the gauge, due to the running of the electric motor, was found to be negligible (less than 0-1° C in an hour).
2-2. Procedure
The observations were made at Queen's Fort, near the entrance to Queen's Channel, in a depth of about 12 m. at low tide. The instruments were operated from that tower of the fort which faced the oncoming ebb tide, and all observations were made during ebb tides. The current meter in its frame, with the sinker suspended below it, was lowered from the boom and winch used for landing stores on the fort. The pressure gauge was lowered by hand on a rope from a position distant horizontally about 15 m. from the current meter in the direction of the ebb tide.
The current meter was arranged to give a continuous record of the speed of the current, the direction-indicating circuit being disconnected. Each photographic record was c. 1 hr. in length at the normal paper speed of c. 1 in./min., but some records were obtained at about double this paper speed and covered a corre spondingly shorter time. Time marks were put on by a clock every 30 sec. with a distinctive mark every 10 min.
To change the height of the meter above the bottom it was necessary to raise the meter and sinker out of the water and land them. The length of wire between the sinker and meter was then unshackled and replaced by another length. This operation took some time and had to be performed at a suitable state of tide, so th at when the meter had been lowered to a given position it was kept there during two or more consecutive ebb tides. Although the height above bottom was fixed, the depth below surface varied with the fall of the tide, so th at in the course of one ebb tide records were obtained at varying depths below the surface as well as with varying values of the mean current.
The pressure gauge was kept at a given depth for about 10 min. and then lowered to another depth. Usually records at three or four depths were obtained on one disk. The times of lowering, changing depth and raising were noted, each of these events being clearly distinguishable on the trace.
A typical series of records during one ebb tide would be three current records, each of 1 hr. duration, with intervals in between during which the exposed paper was removed and developed and the camera reloaded. Three corresponding pressure records would be obtained, the first and third each giving traces at depths of (say), 2, 4 and 8 m. and the second at (say) 12 m. and bottom.
During the whole period of observations, eight ebb tides were worked, giving a total of twenty-five current records at three heights above the bottom, i.e. 2*4, 7-9 and 11-6 m.; five of these records had to be rejected in the analysis, however, for various reasons. Nineteen Fave records, each providing, on the average, a pressure trace of 10 min. at each of three depths, were obtained.
Subsidiary observations included some visual observations of wave heights and periods to compare with the pressure-gauge measurements at shallow depths. Estimates of wind direction and force were made. cient accuracy and sensitivity could be attained by reading one trace only, with a considerable saving of time. Mean values were deduced for the period and range of pressure oscillation from a series of 50 to 100 waves at each depth. The pressure range was expressed as a height in cm. of water. As a m atter of convenience for analysis, and by analogy with visual observations of waves, each pressure wave has been considered as having its individual period and height, the 'period' being the time interval from one crest to the next and the ' height ' the rise in pressure head from the intervening trough to the second crest.
As described later, certain records were measured in more detail for periodogram analysis.
3*2. Current records
Inspection of the current records showed, as the most apparent feature, fluctua tions of period 4 to 5 sec., i.e. of the same order as the wave periods. On most records these fluctuations are superposed on slower fluctuations of period varying from c. 30 sec. to several minutes. After eliminating both the short-period and long-period fluctuations, the mean current varies, of course, with the tidal period.
To examine the short-period fluctuations, each record was analyzed in 1 min. intervals. For each minute interval, the mean value of the current, the number of fluctuations during the minute and the mean range of the fluctuations, estimated by moving a scale along them but without actually measuring the separate maxima and minima, were recorded. Mean values of the mean current were then taken over 10 min. intervals, and for the period and range of the fluctuations over the whole record, as there did not appear to be any systematic trend in their means in the course of one record.
In some cases, in investigating specific problems, as discussed later, the times and displacements of the separate maxima and minima were measured on selected portions of record.
To examine the long-period fluctuations, a tracing was made of each record, eliminating the short-period fluctuations by drawing a smooth curve through the mean of their maxima and minima. The long-period fluctuations were characterized by their variability in amplitude and period, making quantitative measurements difficult. The analysis was therefore confined to measurement of the extreme range of oscillation, to estimates of the more apparent periods present, and to remarks on the general persistence or irregularity of the fluctuations in the course of each record. In measuring the range of oscillation, the record was divided into 10 min. intervals, during which the mean (tidal) current may be regarded as constant, and the range taken as the difference between the maximum and minimum values occurring during that time.
A typical length of current record is reproduced in figure 4 . The results of the wave-pressure measurements are shown in table 1 and of the current measurements in columns 1 to 9 of table 2.
N o t e s o n t a b l e s o f r e s u l t s

4-1. Pressure fluctuations
The observed periods shown in column 6 of table 1 are those obtained directly from the records. They are subject to a correction for the apparent change in period due to the superposition of the current velocity on the velocity of propaga tion (Doppler effect). If U is the component of current velocity in the direction of propagation, the period is apparently reduced by the factor c/(c+ U), c being the velocity of propagation relative to the water. In calculating the correction, the current velocity appropriate to the depth of observation was multiplied by the cosine of the angle between the directions of the tidal current and the wind (assuming the wind and the waves to be in the same direction). An approximate value of c, derived from the apparent period, was taken. Column 7 shows the corrected periods. The correction is small, its maximum value being 0-2 sec.
From those series of pressure measurements which extend from c. 2 m. below the surface to the bottom, it is seen th at not only does the mean amplitude decrease with depth but the mean period increases. This is presumably due to there being components of a number of periods present, those of shorter period being attenuated more rapidly with depth and having a diminishing effect on the observed mean period. A closer examination has shown th at the rate at which the mean period increases with depth becomes less when the wind has been blowing consistently from the same direction for a number of hours. This is consistent with the waves becoming more homogeneous in period. The rate of attenuation of amplitude with depth is discussed in § 5.
4-2. Current fluctuations-short period
The period of the short-period fluctuations is of the same order as the wave period shown by the pressure records. Column 7 (6) of table 2 shows the period corrected for Doppler effect, assuming that the current fluctuations are due to surface waves. However, the current period is in many cases rather less than the pressure period near the surface and in nearly all cases less than the pressure period at the depth of the meter. Columns 10 and 11 of table 2 show the corrected period and double amplitude of the pressure oscillation at the depth of the meter, obtained by interpolation from the pressure records.
The amplitude shows no appreciable dependence on the mean current. The series of records 4 to 6 and 15 to 19 show this clearly The series 20 to 22 and 23 to 25 show a decrease and increase respectively of the fluctuations with the mean current, but not to the same extent, and in the case of 23 to 25 there is an increase in the wave amplitude at the same time.
The correlation between the short-period current fluctuations and the wave pressures is the subject of § 6. 
4-3. Current fluctuations-long period
The maximum range of the long-period fluctuations in the course of each record is given in column 9 of table 2. Further information on these fluctuations has not been tabulated for the individual records, but, from the results as a whole, the following points emerge:
(i) The periods present in these fluctuations are very variable, ranging from c. 30 sec. up to 7 min. or more. Frequently a shorter period (e.g. 1 min.) is super posed on a longer one. The largest fluctuations are often in the form of surges of only 1 to 1| waves, the 'period' being 2 to 3 min.
(ii) The range of the fluctuations increases with the mean current, unlike the short-period fluctuations.
(iii) Their amplitude is greater near the bottom. At 2-4 m. above the bottom the maximum range is on the average 0-69 of the mean current, at 7*9 m. it is 0-53 and at 11-6 m. only 0-24.
It thus appears th at the long-period fluctuations are essentially different in character from the short-period ones, and are more of the type one would expect to be associated with turbulence. The scale of turbulence involved, however, would be large. On the simplifying assumption th at they are due to eddies convected by the mean current, a fluctuation with a period of 1 min. (for example) in a mean current of 30 cm./sec. would correspond to an eddy of the order of 18 m. in diameter, i.e. comparable with the depth of water.
No fluctuations of similar period have been found in the pressure records. If such fluctuations exist their range cannot exceed 5 cm. of water, the estimated limit of sensitivity.
After eliminating the fluctuations, the mean (tidal) current decreases with depth. By plotting the mean current against time after high water and reducing to a tide of range 6T m. at Prince's Pier, Liverpool, the amplitude of the tidal current was found to be 25-2 cm./sec. at 11*6 m. above the bottom, 24-2 cm./sec. a t 7-9 m. and 18-3 cm./sec. at 2-4 m. above bottom.
Attenuation of pressure fluctuations with depth
5-1. Method based on mean periods
There are several series of pressure records which provide data on the attenuation of wave pressure with depth. For waves of small amplitude and of a single wave length A, the pressure amplitude p at depth -is given theoretically (cf. Lamb
where a = wave amplitude a t the surface, p = density of water, g acceleration of gravity, k = 2n/X and h = depth of water. Pressure gauges have been used previously for recording waves (cf. Richardson 1946), either suspended from a buoy or resting on the bottom. However, no comparative measurements a t various depths on waves a t sea, showing the rate of attenuation, appear to have been published. In treating the present series of observations, two main difficulties arise: (i) I t is a t once apparent from the records th at waves of a number of different periods are present, each of which will be attenuated by a different factor.
(ii) Observations a t different depths were not made simultaneously but in successive periods of c. 10 min. each. Thus it is not possible to compare the ampli tude due to a particular wave or train of waves at various depths, but it is necessary to rely on a comparison of mean amplitudes at the various depths. The amplitudes of the waves were extremely variable, but it is believed th at an 8 to 10 min. span, covering c. 100 waves, is sufficient to give a fairly representative mean value.
To deal with (i), two approaches are possible. A mean period may be taken, regarding the variations observed in the time intervals between successive crests as random disturbances, the effects of which will cancel out in the mean. Alterna tively, an attem pt may be made to analyze the observed series of waves at each depth into simple harmonic components and investigate the attenuation of each component separately.
The first method is simpler and will be considered first. For this purpose the pressure records have been grouped, each group consisting either of one record covering the several depths or of two or more consecutive records, taken within a period of an hour or two, during which the mean amplitude of the waves might be regarded as appreciably constant. Attenuation curves have been calculated for each group in two ways: (i) The mean period for all depths has been taken, the corresponding value of k calculated from the equation
where T = period (corrected for Doppler effect), and used in equation (1). (ii) Allow ance has been made for the variation of mean period with depth by dividing the depth of water into several layers (usually four) and calculating the attenuation separately in each layer, using the period corresponding to the central depth of the layer. This period was deduced by plotting the periods obtained from the pressure records against depth and drawing a smooth curve. The calculated attenuation curves and the observed points are shown in figure 1. Each calculated curve has been multiplied by an appropriate factor to make it lie as evenly as possible among the observed points. It is seen th at the curves calcu lated by the two methods do not differ greatly, and in most cases both are in fair agreement with the observed points. For group B using pressure records 6 and 7, visual observations at the surface were available, and the curve calculated for a period varying with depth gives a better fit with both visual and pressure-gauge observations than the mean period curve. In cases A and C (from records 5 and 9 respectively), the mean period curve gives a better fit but, as there are only three observed points in each case this may not be significant. Group E (from records 413 18 and 19) shows slightly better agreement with the curve for varying period, but group D (records 10, 11, 12) indicates a rate of attenuation markedly less than th at calculated by either method. To fit an attenuation curve in this case a mean period of 5-9 sec. would have to be taken, compared with the observed mean period of 5*0 sec. I t may be questioned whether the waves were of sufficiently small amplitudes for equations (1) and (2), which are true only to a first approximation, to be valid. The corresponding formulae to the third approximation are given, in equations (1) and (4) of the Appendix.
The largest waves recorded were those on pressure records 6 and 7, with a mean surface amplitude of 72-5 cm. and wave-length approximately 40 m. Thus xa = 0-114, and it is found that, in the equation for p, the coeffic of cos 6 at the surface and is attenuated more rapidly with depth. The coefficient of cos 3 6i s of the order of 10-4. In the equation for the elevation of the surface (Appendix, equation (5)), the coefficient of cos 2d is 0-063 under the above condi tions, representing a distortion of wave form considerably greater than th at of the pressure. Equation (2) leads to a value of k approximately 1-3% too high. The amplitude quoted above is a mean value, and about 25 % of the waves were of twice this amplitude or greater. For waves of twice the mean amplitude the coefficient of cos 2d in the pressure equation becomes 0-008. k would be overestimated by 5-2 % , equivalent to underestimating T by 2-6 %, i.e. c. 0-13 sec. in 5 sec. This is a fairly extreme case, and in analyzing mean values it appears justifiable to take equation (2) as correct, since the experimental error in is probably + 0*1 sec.
We may note that the 'height' of a wave, i.e. the difference between a maximum and a minimum, whether the term refers to the elevation of the surface or to the pressure variation at any depth, is independent of the coefficient of cos 2d. Thus equation (1) may be taken as correct even to the second approximation, when applied to the analysis of ' heights ' only.
The observed rate of attenuation is thus in fair agreement with that calculated from equation (1), using a mean value for the period and calculating the corre sponding wave-length from equation (2). However, there is a tendency for the observed rate of attenuation to be rather less than th at calculated, but this may be due to the simplified method of analysis.
5-2. Periodogram analysis
In an attem pt to overcome the limitations of the simple analysis outlined above, periodogram analyses were made of sample lengths of pressure records 6 and 7, those showing waves of the greatest amplitude. The selected traces were measured at intervals of approximately \ sec.
The method of periodogram analysis, introduced by Schuster (1906) , is analogous to the use of a diffraction grating in spectroscopy, the resolving power for a given period being equal to the total number of periods n in the length of record being analyzed. For this purpose the resolving power is defined as where the periodogram curve for a single period T would give a principal maximum a t T, falling to the first minima at periods T ± A Thus A T /T = 1 fn . I n order to detect components of all periods, it has been assumed necessary to calculate the amplitudes for test periods not farther apart than A T This evaluating the Fourier components for all harmonics of the record length falling within the desired range.
Periodogram analysis was first applied to the portion of pressure record 6 taken at a depth of 3*2 m. The amplitudes were calculated for several periods, using the whole portion of record, covering 100 waves, at once and also in two lengths of fifty mean periods each. This method was not continued as the amplitudes from the groups of fifty differed from those for the whole record and, moreover, the analysis of 100 waves in a single group was found cumbersome.
Shorter lengths of record, each covering twenty-five mean periods, were then taken and tested for twenty periods between 3 and 9 sec., corresponding approxi mately to the 15th to 35th Fourier harmonics of the record length and thus covering components of any period within this range. Two spans of twenty-five waves at 3-2 m. and one at 16*4 m. were analyzed in this way. Each of the spans at 3-2 m. showed two main peaks in the periodogram, but, whereas on the first span they were at 4-7 and 5*7 sec., on the second they were at 5-3 and 7*3 sec. The span at 16-4 m. showed five peaks between 5-3 and 7-7 sec., the largest being a t 6-25 sec. These results indicated that the relative amplitudes of the various components must change considerably within a time of twenty-five mean periods, and it was decided to reduce further the lengths of records analyzed.
Three consecutive spans of twelve mean periods at the same depth of 3-2 m., two of them corresponding to one of the twenty-five period spans analyzed above, were therefore taken. These showed a similar irregularity in their periodograms from one span to the next. The same length of record, covering thirty-six mean periods, was then divided into nine consecutive spans of four waves each. With such a small number of periods the resolving power is, of course, much reduced, and only three test periods, 5-3, 6 05 and 6-8 sec., were taken, the diffraction curves from which overlap and together receive contributions from periods between 4-0 and 8-5 sec. The amplitudes and phases of each component were plotted for the nine consecutive groups. They showed only little persistence. In some cases the amplitude and phase showed a persistent trend through two or three groups; in others there would be apparently random changes between successive groups. The amplitudes of the three components relative to one another showed a similar variability. The analysis of a single group of twelve waves was compared with th at of the three groups of four covering the same twelve waves as follows. Owing to the greater resolving power, three test periods need to be taken for the group of twelve for each one in the case of a group of four waves, e.g. 4-9, 5-3 and 5-7 sec. corresponding to 5*3 sec. The sum of the squares of the amplitudes for periods of 4*9, 5-3 and 5-7 sec. for the group of twelve waves should therefore be equal to the mean square amplitude for 5*3 sec. of the three groups of four. Fair agreement was found in each case. I t was apparent from the above analysis th at components of a large number of periods in the range 3 to 9 sec. were present, and th at each component was subject to disturbances in amplitude and phase a t intervals of a few waves. To obtain representative spectra it would be necessary to analyze a large number (of the order of 100) of waves at each depth, treating them either in one large group or in a number of small groups. In the former case, owing to the high resolving power, it
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would be necessary to compute the amplitudes for a large number of periods. Because of the disturbances in phase, the amplitudes of consecutive periods would probably show an irregular variation, and it would be1 necessary to smooth them by grouping a number of consecutive periods together. In the latter case, a smaller number of test periods would be sufficient, and root mean square values of their amplitudes for the various groups would be taken.
Disturbed periodic functions are of fairly common occurrence in geophysical phenomena, and various methods have been devised for their analysis, mostly based on the calculation of serial correlation coefficients (see, for example, Walker (1931), Poliak (1940) and Spencer-Smith (1944) ). Let yv y2, ..., ym, ... be successive values of the observed quantity. Then if is the correlation coefficient between ordinate ym and ordinate ym+p, the curve of rp against p has been defined as the 'correlogram'. To test the applicability of .this method to the present problem, the correlogram has been calculated for a section of the same record, comprising twelve mean periods. The wave profile, the correlogram and the periodogram for this section are shown in figure 2. The correlogram shows clearly the dominant period and also the modulation period of about four wave periods. The period from the correlogram, taking the mean of intercepts on the p-axis, is 5*26 sec. The periodo gram shows a peak a t the same period and a lower, but broader, peak a t 7*1 sec. Counting the number of crests in the original profile gives the mean period as 5-03 or 5*48 sec. if the small crest at p -134 is neglected. From the complete record, comprising 131 waves, the mean period, by counting crests, is 5-35 sec. The spacing of the peaks in the periodogram corresponds approximately to the number of waves per group. Hence there is fair agreement between the various methods of analyzing the periods. In view of what has been said above, however, it is clear th at any other section of twelve waves from the same record would show an entirely different profile, correlogram and periodogram.
At this stage it was decided th at the computational labour which would be required to obtain representative spectra for each depth on each pressure record would not be justified by the additional information likely to be obtained, and the analysis was confined to a determination of mean periods and mean amplitudes as already described.
considered. The current fluctuations, like the waves, appear on many records to occur in groups. I t has not been found possible, however, by comparing simultaneous pressure-gauge and current-meter records, to identify particular waves or groups of waves. The pressure-gauge and current-meter records were not accurately syn chronized, and the time assigned to a point on them may be in error by as much as 30 sec. Also, the pressure gauge and current meter were separated horizontally by a distance of approximately 15 m. Nevertheless, if the current records reflect faithfully the particle velocities due to the waves, one might expect it to be possible to pick out well-defined groups of waves or even single waves of outstanding amplitude. 6-2. Periods As a step beyond considering mean periods only, frequency distributions of periods have been plotted for the same time span of 10 min. on corresponding pairs of pressure and current records, a 'period' in this sense being defined as the time interval between two successive maxima. Some distribution diagrams are shown in figure 3 . In most cases, of which figure 3 (a) is typical, there is a general similarity between the histograms from the pressure and current records. Both show one maximum and fall off gradually on either side, but, compared with the pressure diagram, the mode of the current diagram is shifted towards the shorter periods and the distribution falls off less steeply on the short-period side. This may be explained qualitatively, since the horizontal velocity u and pressure amplitudes p ' of the wave motion at any given depth are related by the equation
where p' is expressed as cm. of water and the term coth differs only slightly from 1. Hence short-period components will appear with greater amplitude in the velocities than in the pressures and, in the present case, may be expected to show up with greater frequency in the distribution of time intervals.
In two cases, however, shown in figure 3 (6) and (c), there is considerable dis crepancy between the pressure and current diagrams. In figure 3 (6) the current periods have their principal maximum at 3*0 sec. with a secondary maximum at 5-0 sec., whereas the principal maximum of the corresponding pressure curve is at 5*2 sec. with secondary peaks at 4-1 and 6-5 sec. In figure 3 (c) there are maxima in the current diagram at 2-7 and 4-5 sec. with the distribution falling off gradually for longer periods, while the pressure curve has a single maximum at 5-9 sec. These two pairs of records were obtained within a period of 2 hr., in a practically unchanged state of sea, but it should be noted that in the first case the pressure gauge was shallower and in the second case deeper than the current meter. I t appears that, in these two cases at least, the current fluctuations contain a high proportion of components of shorter periods than the waves.
The circumstances in which these records were obtained differ from the others in that the direction of the waves was making an unusually large angle, up to 75°, with the direction of the tidal current. In the ideal case of waves of infinite crest length, the particle velocity should be multiplied by the cosine of this angle to give the component in the direction of the tidal current. When waves of finite crest length, as described by Jeffreys (1926) , are present, however, the particle velocity has, in general, a horizontal component a t right angles to the direction of propaga tion, its maximum value being related to th at of the component in the direction of propagation by the factor A/A', where A' is the ' crest length ' and A the wave-length. As the waves under observation were certainly of the short-crested type, this may account for part of the variation in the ratio wobs /wcalc, referred to below, but can hardly explain the introduction of shorter period components. On the other hand, if short-period current fluctuations due to some other cause and whose direction is independent of the waves were present, they would show up in the above circumstances, when the masking effect of the waves was reduced. The histogram showing frequency distribution of time intervals between succes sive crests cannot be regarded as a spectrum of the waves. However, it was thought to be an advance on a consideration of mean values only and to serve a useful purpose where the mass and complexity of the data make a more rigorous analysis unwieldy.
6*3. Amplitudes
Let us now examine the amplitudes of the short-period current fluctuations on the assumption that they are to be interpreted as the particle velocities of the wave motion. Allowance must be made for the angle between the direction of the meter and the direction of propagation of the waves. It may be assumed that the current meter remained orientated in the direction of the mean current, so that the fluctuations would correspond to only the component of the wave-particle velocity in that direction. This is probably sufficiently accurate as long as wave currents approaching the magnitude of the mean current and at the same time making a large angle with it ate not involved. Most records satisfy this condition approxi mately. As the meter was not adapted for measuring direction in these experiments the direction of the tidal current has been taken from Admiralty tables, namely, 295° true. The direction of the waves has been taken as th at of the wind as recorded at the Liverpool Observatory at Bidston, approximately 12 miles south-east from the fort, 10 miles of the intervening distance being over the sea. I t is believed th a t the direction of the wind at Bidston was practically the same as a t the Fort, although the speeds were very different. The angle between wind and tide, thus computed, is given in column 13 of table 2. In column 14, the double amplitude of the fluctuations has been multiplied by the secant of this angle, giving the ' observed ' double amplitude of the particle velocity in the direction of the waves. (It is assumed that the waves are two-dimensional, which can only be a rough approximation, as mentioned above.) Column 12 gives the double amplitude of the particle velocity at the depth of the meter, calculated from the pressure records, using equation (3), with coth kh taken as 1 (the error involved does not exceed 4 %). Column 15 gives the ratio of the observed to calculated velocities. It is seen th at this ratio is very variable, the extreme values being 0-23 and 1-83. In general, the ratio increases with depth of the meter below the surface. Owing to some un certainty in the correction for the angle between waves and mean current more weight should probably be given to those values of the ratio for which this correction was small, i.e. records 15 onwards, but all the results show the same trend.
It is rather remarkable th at in the cases where the meter was near the surface (records 15 to 19), the observed velocity fluctuations are only about one-third of the calculated values. In these cases, also, the angle correction was comparatively small. It is seen from column 12 that the calculated velocities are large, the mean amplitude of fluctuation being comparable with the mean current. I t is clearly impossible for the current meter to respond to a fluctuation whose amplitude exceeds the mean current. Moreover, the velocities given in column 12 correspond to the mean wave amplitudes, and it was found from the pressure records th at a considerable proportion (of the order of 25 %) of waves exceed twice the mean amplitude. Thus the current meter could not respond fully to the calculated waveparticle velocities in these circumstances. Nevertheless, this does not appear to be a complete explanation. On record 19, where the mean current was only 9-3 cm./sec., the minima of the fluctuations repeatedly brought the current trace to zero, while the maxima exceeded twice the mean current. On record 17, however, where the mean current was 37 cm./sec., the minima of the fluctuations never approached zero, or, in fact, reduced the current trace to less than two-thirds of its mean value, so the above explanation does not appear to be valid in this case.
All the values of u ota./u caic. discussed in this section are consider the values of 1 • 5 to 4-8 quoted in § 1 as having been found from the July observations. The difference appears to be largely due to the method of obtaining the calculated velocities. In July no pressure-gauge observations of waves were available and the wave-length was calculated on the assumption th at the period of the current fluctuations was the same as th at of the waves, whereas the observations in November showed it to be less. Thus in interpreting the July observations it h almost certain th at too short a wave-length and hence too high a rate of attenuation was assumed and the consequent error would increase rapidly with depth.
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6-4. Occurrence in groups
The occurrence of waves in groups is characteristic and was shown in the appearance of the pressure records. Superficial examination indicated th at the current fluctuations, on some records a t least, showed similar arrangement in groups. I t was therefore decided to examine the grouping of waves and fluctuations on selected pressure and current records. The first pair of records taken was pressure record 6 and current record 7, as they correspond to the largest waves recorded.
As described above, individual periods and wave heights were attributed to the various waves. When the heights of successive waves were plotted in sequence, the curve indicated the arrangement in groups with some irregularities. The data were smoothed by taking means of groups of two and then three successive waves. The curve for means of three was fairly smooth and was used to show the grouping or ' modulation5 of the waves. From record 6, at 3*2 m., over a time span of 10 min., the mean modulation interval, as defined by the time between the largest waves of successive groups, was 34 sec. Dividing this by the mean period of the waves gives an average of approximately six waves to a group, while the number of waves in a particular group ranged from three to ten. Similar results were obtained from pressure record 7 at 16-4 m. The individual periods were plotted singly and in groups in the same way. In the case of the record at 3-2 m., there is a close corre lation between the smoothed curves of periods and wave heights, groups of longer periods corresponding to higher waves, but no similar correlation appeared in the record at 16-4 m.
Similar methods were applied to the time intervals and ranges of successive fluctuations on current record 7. The transitions between one fluctuation and the next were less regular, however, and the smoothed curves did not show the same degree of grouping.
The persistence, as defined by Chapman & Bartels (1940) , of ranges of successive waves and current fluctuations was tested by computing the standard deviations of the single observations and of the means of groups of two, three and four successive observations. Table 3 shows the ratios crjcrx for three pairs of pressure and current records, where cr1 = standard deviation of single observations of ranges and an = standard deviation of the means of n successive observations. The last row of the table shows the value of 1 / j n ,which is the rat be expected from a random sequence of numbers. The standard deviation of the wave pressures show a considerably slower rate of decrease than l/*Jn, indicating a degree of persistence in agreement with their appearance in groups. If the modulation were sinusoidal the value of ^should be s
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N being the number of waves per group. In practice, however, the value of N varies from one group to another, and this simple relation cannot be expected to hold. Table 3 The standard deviations of the current fluctuations show a more rapid decrease with n than the wave pressures. In cases A and B the rate of decrease is slightly greater and slightly less respectively than in the random case, indicating a lack of persistence. In case C, however, when the current meter was only 2*4 m. above the bottom, the current fluctuations were nearly as persistent as the wave pressures, which themselves show greater persistence than in the other two cases. The pair of records in case A, which show the greatest disparity between the persistence of pressure and current fluctuations, also appeared anomalous in the frequency distribution of periods, discussed above.
Conclusion
The wave-pressure observations in this series of experiments have shown th a t the rate of decrease of wave-pressure amplitude with depth is in approximate agreement with the theoretical formula. A rigorous demonstration cannot be given, however, until methods of observation and analysis have been devised which will make an adequate separation of the components of different periods.
The periods and amplitude of the short-period current fluctuations are of the same order of magnitude as the particle velocities which theory indicates should be associated with the wave motion. An examination of the correlation between the pressure and current records, however, has failed to establish an exact correspond ence between them, and it remains an open question whether other fluctuations of comparable or shorter periods are superposed on the wave currents. I t is hoped that, in further experiments, it will be possible to separate the effects of turbulence from waves by making observations in a calm sea or in water sufficiently deep for wave motion to be negligible near the bottom.
The current fluctuations with periods varying from 30 sec. to several minutes appear, by their dependence on the mean current and their greater amplitude near the bottom, to be more in the character of turbulence. If they are due to eddies, their scale would be of the same order of magnitude as the depth of water and therefore appears to be too large to be associated with bottom friction. Further observations would be needed to elucidate the nature and origin of these longperiod fluctuations.
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A p p e n d i x
Surface waves of finite amplitude in water of finite depth
The theory of progressive waves of permanent form, treating the motion as irrotational, was first considered by Stokes (1847). In his first paper he investigated the motion to the second approximation for waves in water of finite depth, and to the third approximation when the depth of water is infinite. In a later paper (Stokes 1880) he carried the investigation to the fifth approximation for infinite depth and to the third approximation for finite depth of water. In the latter case the solution was given in the form of equations for the space co-ordinates x and y as functions of the velocity potential < J> and stream function \jr.
The higher approximations for waves in infinitely deep water were considered further by Rayleigh and others and a rigorous treatm ent given by Levi-Civita (1924) . Struik (1926) , using a method similar to th at of Levi-Civita, has given an investigation of the case of finite depth and, for the third approximation, has obtained explicit equations for the particle velocities and elevation of the surface. However, these equations (loc. cit. pp. 627, 628) do not appear to reduce to those given by Stokes when the depth of water tends to infinity. In comparing the observations reported in this paper with theory, it was thought desirable to obtain equations, valid to the third approximation, for the variation of pressure and velocity with depth. The solution has been found, by the method of successive approximations, directly from the equations of motion and equation of continuity.
The motion is restricted to two dimensions. Let us denote by To the second approximation, equations (2) to (5) 
